1 

METHOD AND APPARATUS FOR COMPENSATING FOR TEMPERATURE 
DRIFT IN SEMICONDUCTOR PROCESSES AND CIRCUITRY. 

Field of the Invention 

5 The invention relates to semiconductor processes and circuitry. The invention 

particularly relates to such circuitry that requires an accurate output over a range of 
temperatures. The effect of such temperature drift is particularly noticeable in circuitry such 
as voltage or current reference circuits but may also affect the operation of amplifiers. 

10 Background to the Invention 

Within the field of semiconductor circuits, certain categories of circuitry require a 
reliable operation over a range of temperatures. One such circuit which may be used to 
provide a constant reference source is shown in Figure 1 . This simple circuit is a constant 
reference circuit that is implemented using a current source 101, producing an output current, 

15 which is proportional to absolute temperature (PTAT), coupled via a resistor 102 to a base- 
emitter voltage of a transistor 103, which is complementary to absolute temperature (CTAT). 
If the slope of the voltage drop across 102 (PTAT) balances the base-emitter voltage slope 
(CTAT), the output voltage provided at the common node of the current source 101 and the 
resistor 102 is substantially constant over temperature. Other known reference sources 

20 include those implemented using bandgap techniques. 

A problem with providing such reference circuits is that there are a number of 
parameters which may provide variances in the performance of the reference circuit which 
leads to errors. For example, as a result of process variations in the transistors implemented 
in typical reference circuits, the base emitter voltage of the transistors may change. Even if 

25 the transistors are set to operate at the same emitter current, this may vary by as much as 1 0- 
20mV, thereby causing errors in the reference output. 

Another source of error is due to the typical technique used in the generation of the 
PTAT voltage in such reference circuits. The PTAT voltage is typically generated by means 
of a voltage AV BE , being the difference in the base-emitter voltages of two transistors 

30 provided in the circuit which operate at different current densities. The value of AV B e is then 
amplified to produce the required PTAT voltage value for use in such bandgap circuits. As 
the PTAT voltage is a scaled replica of AV B e, any offsets present in the AV B e are also 
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amplified and added, which results in errors. Furthermore, additional errors may be 
introduced during the packaging of such circuits. For example, the moulding stress that may 
be applied to the transistor during the packaging may contribute to an additional shift in the 
reference value. 

5 In typical bandgap voltage references, the output voltage requires trimming or 

adjusting so as to achieve a constant output voltage reference over a range of temperatures. 
This is typically achieved by altering the PTAT voltage, as due to the exponential 
relationship between the current and the base-emitter voltage of a bipolar transistor, it is more 
difficult to alter the CTAT voltage. Typically, both the absolute voltage and the temperature 

10 slope of a bandgap voltage reference must be trimmed, with the assumption that the base- 
emitter voltage of the bipolar transistor has a precise value at absolute zero. The base emitter 
voltage at zero Kelvin is known as the bandgap voltage. Due to the process variations, both 
the output voltage and the temperature slope or temperature coefficient (TC) for a real 
bandgap voltage reference will have different values from device to device. This causes 

15 problems if a precise absolute voltage and minimum temperature coefficient are required. 
When the PTAT voltage is adjusted at room temperature so as to correct the temperature 
slope, the adjustment turns the slope around 0 Kelvin, which causes the absolute voltage to 
also change. Therefore, once the temperature slope has been corrected, the absolute voltage 
must also be corrected. This correction in absolute voltage may in turn alter the temperature 

20 slope. As a result, the trimming process typically requires the step of correction of the 

temperature slope followed by the step of correction of the absolute voltage to be repeated 
several times. This means that when a precise absolute voltage and minimum temperature 
coefficient is required, a lengthy iterative process of trimming slope and absolute voltage 
must be employed. 

25 Another way to trim the reference voltage is to record a minimum of two reference 

voltage values at two different temperatures, in order to find the temperature slope, and then 
to adjust the PTAT voltage by a corresponding amount and shift the reference voltage (or the 
gain) with a temperature constant value. However temperature trimming of units in 
production quantities using this technique has the drawback of requiring multiple handling 

30 and tracking of the individual units during temperature test. 

A number of techniques have been developed to provide for the compensation of the 
temperature effect. An example of such a technique is disclosed in U.S. Patent No. 6,075,354 
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(the content of which is incorporated herein by way of reference). In this document, three 
currents DAC's are provided to interface with a bandgap voltage generator, a first provided to 
trim first order temperature slope variations of the output reference voltage, a second to 
compensate for temperature slope curvature and a third to provide scalar gain adjustment. In 
5 order to adjust AVbe for the slope correction, the technique is used of pushing an external 

correction current through the first or second diode of the main bandgap cell. A drawback of 
this scheme is that as the PTAT voltage changes, the reference voltage slope also changes, 
which affects the absolute value of the reference voltage. 

Another U.S. Patent (No. 6,329,804) also describes a slope and level trim DAC for 

10 voltage references. In order to trim the reference voltage slope, a current switching DAC is 
used to inject a PTAT trimming current into one of the two diodes in the main bandgap cell. 
However, as in the case of U.S. Patent No. 6,075,354, this patent also has the drawback that a 
change in AV B e changes both the slope and absolute value of the reference voltage. 

There is therefore a need for a method and circuit that provides a simple way of 

1 5 trimming the reference voltage in which both reference voltage and temperature coefficient 
(or the slope) can be separately adjusted. 

Object of the Invention 

It is an object of the present invention to provide method and circuit for compensating 
20 for temperature effects during operation of semiconductor circuits to overcome the above 
mentioned problems. It is a further object to provide an analog and digital solution for 
carrying out the present invention. 

Summary of the Invention 

25 Accordingly, the present invention, as set out in the appended claims, provides a 

method for compensating for temperature effects in the operation of semiconductor circuitry 
comprising the acts or steps of scaling an output value of said circuit to a desired output value 
at a first temperature and matching said output value, at a second temperature, to said desired 
output value, whereby said desired output value at said first temperature remains unchanged. 

30 In the case of reference voltage, the method is implemented assuming that the second order 
effects such as "curvature" in the reference voltage variation over temperature range is 
removed and the reference voltage variation over temperature range is a straight line. 
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According to the proposed method the absolute voltage is trimmed first. At the first or 
reference temperature (typically room temperature), the reference voltage is scaled to the 
desired value by a temperature independent voltage. Then, at a second temperature, the 
output voltage slope is corrected by adding or subtracting a voltage which is always zero at 
5 the reference temperature and because of that it has no effect on absolute value. In effect, the 
invention is based on the analysis that the output is provided by a straight line defined by two 
points. In the first step, the line is scaled to force it to cross a fixed predetermined point. 
Then, at a second temperature, the line is rotated about this fixed point. 

In a first embodiment, the first step is effected by shifting the reference by a constant 

10 value either up or down to a desired output value. This is typically achieved by forcing a 

constant current through a resistor. The current can be generated by a balanced PTAT/CTAT 
current or by reflecting the reference voltage across a resistor. In essence, and using the 
assumption that the output is a straight line defined by the equation y=mx+c, then this step 
can be equated to the addition of "c". 

1 5 The second step is effected at a different second temperature and the rotation of the 

slope is achieved by the addition or subtraction of the difference of two balanced trimming 
PTAT and CTAT currents. These trimming currents are balanced in such a way that at the 
first temperature their sum or difference is zero and the combined current has a double slope . 
compared to each individual current. 

20 An additional step may be provided between the first and second steps, the additional 

step adapted to ensure that the difference between the PTAT and CTAT currents at the first 
temperature is equal to zero. This can be effected by a tuning of the PTAT or CTAT current 
sources to achieve the balancing between the two. 

In another embodiment there is provided a method scaling an output voltage of said 

25 circuit to a desired output voltage value at a first temperature by a temperature independent 
voltage and correcting at a second temperature the slope of a line representative of said 
desired output voltage over a temperature range to provide said desired output voltage at said 
second temperature by adding or subtracting a correcting voltage whereby said correcting 
voltage is always zero at said first temperature, and whereby said desired output voltage 

30 value at said first temperature remains unchanged. 

In a further embodiment there is provided a semiconductor circuit adapted to provide 
compensation for temperature effects during operation comprising means for scaling an 
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output of said circuit to a desired output value at a first temperature and means for matching 
said output value, at a second temperature, to said desired output value, whereby said desired 
output value at said first temperature remains unchanged. 

Ideally the value of a constant current, which generates the constant voltage value is 
5 controlled by a current source coupled to a DAC and a value of a user controlled input code 
applied to said DAC determines the value of the constant current. Multiplexors can be 
provided whether the constant voltage value is to be added or subtracted. 

Preferably the trimming currents are controlled by a first and a second DAC, the 
output of said first and second DAC connected to at least one multiplexor, whereby a control 
10 signal applied to said multiplexor controls the addition or subtraction of said difference. The 
tuning of the trimming currents is carried out by a tuning DAC coupled to one of said 
currents, by adjusting a value of a user controlled input to said tuning DAC. 

In another embodiment of the present invention there is provided a semiconductor 
circuit adapted to provide compensation for temperature effects during operation, the circuit 
1 5 comprising a digital control means for digitally scaling an output voltage of said circuit to a 
desired output voltage value at a first temperature and digitally matching said output voltage 
value, at a second temperature, to said desired output voltage value, whereby said desired 
output voltage value at said first temperature remains unchanged. 

Preferably the digital control means comprises a register, coupled to the inputs of each 
20 DAC, wherein the output values from said register determine the value of the input codes to 
each DAC. The register can be connected to a digital control unit and memory, the value of 
said input codes are stored in said memory, and the transfer of said input codes from memory 
to the register is controlled by said digital control unit. 

There is also provided a computer program product comprising a medium having 
25 embodied therein program instructions for causing a computer program to carry out any of 
the above method steps or acts or sequences of steps or acts, which medium may embody on 
or include a record medium, carrier signal or read-only memory. 

The adjustment effected by the present invention may be applied either before or after 
packaging of the device and as such it will be appreciated that it may be repeated at a later 
30 date to compensate for degradation of the performance of the circuitry over time. Such a 
later repetition of the steps can be used to re-calibrate the circuitry. 
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Brief Description of the Drawings 

Figure 1 is an example of a simple prior art reference circuit; 

5 

Figure 2 shows a graph of the relationship between reference voltage and absolute 
temperature of the circuit both before and after the first trimming step; 

Figure 3 shows a plot of the PTAT and CTAT currents when well-balanced and two 
10 trimming currents; 

Figure 4 show a graphical representation of the process of adjusting a positive temperature 
slope; 

15 Figure 5 show a graphical representation of the process of adjusting a negative temperature 
slope; 

Figure 6 is a schematic of a circuit according to a first embodiment of the present invention 
adapted to provide for a temperature compensation of voltage reference circuit; 

20 

Figure 7 is an example of a modification of the circuit of Figure 6 for a bandgap voltage 
reference using an operational amplifier; 

Figure 8 is a schematic of a second embodiment of the invention adapted to compensate for 
25 the performance of an amplifier over a range of temperatures; and 

Figure 9 is a schematic of a third embodiment of the invention adapted to provide for a 
compensation in the performance of a digital circuit. 

30 Detailed Description of the Drawings 

Figure 1 has been described with reference to the prior art. 
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The invention will now be described with reference to preferred embodiments as 
illustrated in Figures 2 to 9. 

Figures 2 to 5 relate plots of different parameters illustrating operation of the 
compensation circuitry of figures 6 to 9 which are discussed in more detail later in the 
5 description. 

As shown in Figure 6, the present invention provides for compensation circuitry 
adapted to interface with existing voltage reference components so as to provide for a 
constant voltage reference over a range of temperatures. The invention provides for the 
compensation circuitry to adjust the voltage reference to provide for a constant voltage 

10 reference over a range of temperatures in two stages, namely a first calibration step and a 
second calibration step. 

In Figure 6, a standard voltage reference block, similar to that shown in Figure 1, is 
implemented within the block 200. The voltage reference block 200 includes a PTAT current 
source 201 , coupled via a resistor 202 to a transistor 203, which has its base coupled to 

1 5 ground. The output reference voltage, Vref, is provided at the common node of the current 
source 201 and the resistor 202. The operation of such a circuit is well known in the art and 
will not be described herein. According to the present invention two additional blocks are 
provided, a first block 300 adapted to provide for a scaling of the output of the reference 
block to a desired reference value, and a second block 100, adapted to enable a rotation of the 

20 output temperature slope at a second calibration temperature, so as to provide a voltage 
reference with a constant value over a temperature range. 

As shown in Figure 6, the first block desirably includes a current DAC 302 being 
coupled at a first input thereof to a constant current source 303, and having at a second input 
thereof a series of user-controlled binary inputs 301, the selected value of the inputs 

25 determining the value of the output current of the DAC 302. The output current of the DAC 
302 is fed via two multiplexors 304, 305 to either side of the resistor 202. The current 
through resistor 202 can either be scaled up or down by pushing or pulling current from the 
voltage reference block 200, as can be determined by changing the sign control 306 to the 
multiplexors. This change in current results in a corresponding increase or decrease in the 

30 voltage reference. The sign control effects a change in the pushing or pulling of the current 
from the voltage reference block so as to scale up or down the voltage reference with a 
temperature independent amount as required. According to the present invention, the first 
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calibration step involves the adjustment of the reference voltage to the required value in the 
manner described above at a first temperature, which is typically room temperature. 

It will be appreciated that the configuration of the first block 300 as provided in 
Figure 6 is effectively a simultaneous push-pull current DAC. That is, the current which is 
5 pushed into one side of the resistor 202 is simultaneously pulled back into the DAC from the 
other side. In all modes of operation there is a simultaneous circulation of current through 
resistor 202. As a result, there is no modification to the base emitter voltage V B e of the 
transistor 203. 

Once the output voltage reference value is adjusted until the desired output value is 

10 reached, the binary numbers 301 are stored into a memory. In a preferred embodiment of this 
invention the binary numbers 301 are stored in a non-volatile memory such an EEPROM. 

Figure 2 shows a graphical representation of the relationship between the reference 
voltage and temperature of the circuit both before and after the first calibration step. 
However the output voltage reference remains prone to temperature drift, whereby any 

15 change in the temperature of the circuit will alter the value of the output voltage. Line 1 

illustrates a typical change in the value of the reference voltage over a temperature range of 
Tmin to Tmax. According to the present invention, the reference voltage may be adjusted 
from its initial value, as shown by line 1 , to the required reference value, Vref, at room 
temperature (Tr) as described above. Line 2 illustrates the relationship between reference 

20 voltage and temperature for the new value of output reference voltage, assuming that the 

adjustment to the voltage reference was made at room temperature, Tr. It will be appreciated 
from an examination of line 2, that the output reference voltage remains prone to temperature 
drift. A function of the second control block 1 00 is to reduce this temperature slope to zero, 
so as to provide a constant reference voltage over a temperature range. 

25 Referring again to figure 6, once the reference voltage has been set in the first 

calibration step to the required level by means of the first control block 300, the second 
control block 100 can be activated to provide for the second calibration step. The second 
control block 100 provides two main functions; it provides for the balancing of the PTAT and 
CTAT circuit currents, and it also is responsible for the adjusting of the temperature slope to 

30 zero. 

The second control block includes a first and second current source 102, 103, one 
PTAT and one CTAT. The two current sources 102, 103 are then individually coupled to 



respective DACs 104, 105. DACs 104 and 105 are controlled by a common binary input 
code 101. The outputs of the DACs are cross-coupled and are fed as inputs to multiplexors 
106, 107. The operation of the multiplexors are controlled by a common control signal 108. 
It can be seen that one of the inputs to the multiplexors 106, 107 is a current having the value 
5 of the difference between the CTAT and PTAT currents, while the other input is the same 
current with opposite sign. A further current source, 111, acts as an input to a DAC 109, the 
output of which is fed to DAC 104. A binary input 110 controls the operation of the tuning 
DAC 109. 

In order to ensure that each of the current sources 102, 103 are matched, and therefore 

10 do not contribute to errors in the performance of the voltage reference block, it is desirable 
that at a first temperature the PTAT and CTAT currents are balanced to produce a zero 
difference. Once the voltage reference has been set using the first control block 300 at the 
first temperature, typically room temperature, an alteration of the current through DACs 104, 
1 05 by means of control 101 should not effect the reference voltage, if the circuit is balanced. 

1 5 Figure 3 shows a plot of a typical PTAT current 2 and CTAT current 1 when they 

have been balanced. The graph also shows a plot of a current 3 being the difference between 
the PTAT and CTAT currents and a current 4 being the difference between the CTAT and 
PTAT currents. It can be seen from this graph that at room temperature, Tr, if the currents 
are balanced, the difference between the PTAT and CTAT currents should be zero. This fact 

20 is employed in the second control block 100 in order to balance the currents. 

In order to check whether the PTAT and CTAT currents are balanced, the control 1 10 
for the current through tuning DAC 109 and the control 101 for DACs 104 and 105 should be 
set to a minimum at the first temperature, and the value of the reference voltage, Vref, 
recorded. Once Vref is recorded, control 101 can be set to its maximum value, and the value 

25 of Vref monitored. If the value of Vref changes when the control value 101 is changed, this 
implies that the PTAT and CTAT currents are not balanced. This is because, if the value of 
PTAT and CTAT currents were equal, the input currents to the multiplexors 106 and 107, 
being the difference between CTAT and PTAT currents as described earlier, should be zero 
at this first temperature, as explained with reference to Figure 3. If the value of Vref does 

30 change on the alteration of the control 101, it is indicative that the current is not balanced. 

The currents should then be adjusted to balance. This is achieved by altering the control 1 10 
to enable the PTAT and CTAT current sources to be tuned relative to one another. The 
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altering of the control 110 varies the current flowing through DAC 109. When the PTAT and 
CTAT currents are balanced the control value 1 1 0 is stored into the memory and Vref 
remains at the same value on an alteration of control 101 . 

The main function of the second control block 100 is to reduce the temperature slope 
5 of the circuit to zero, so that the voltage reference will remain constant over a temperature 
range. This is the second calibration step of the invention. The step of reducing the 
temperature slope to zero is carried out by altering the temperature of the circuit from the first 
temperature to a second temperature, and adjusting the voltage reference until the output 
voltage for this second temperature is the same as the required voltage at the first 

10 temperature. During this step, the temperature of the circuit should be increased to a second 
temperature, and the output of the voltage reference circuit Vref monitored. It will be noted 
that with the increase in circuit temperature, the value of the output voltage shifts if the 
digital input 101 is zero. This can be corrected by effecting a rotation of the line defining the 
output, so that the temperature slope becomes zero. Such rotation is effected by applying a 

15 variable input code 101 from the second control block 100 until the desired value is once 
again reached. Once this has been achieved the control value 101 is stored into the memory 
and the temperature slope should remain at zero over the entire temperature range of interest. 

Figures 4 and 5 show a graphical representation of this process of adjusting for 
temperature slope. Figure 4 shows a representation for an adjustment of a positive 

20 temperature slope. In Figure 4, the voltage reference has initially a positive temperature 
slope, shown by line 1 , so that when the temperature of the circuit is increased to a second 
temperature, Tmax, the output reference voltage value increases. The second control block 
100 can alleviate this temperature slope by pulling or pushing a suitable value of the 
difference between the CTAT and PTAT currents across resistor 202 , until the output 

25 voltage at this second temperature corresponds to the reference voltage set at room 

temperature. The value of the CTAT and PTAT current difference can be controlled by 
control 101, with the control 108 on multiplexors 106,107 providing this current as either an 
increase or decrease to the voltage reference. Figure 4 illustrates this process, with line 1 
showing the reference voltage variation before the slope correction and line 3 showing the 

30 reference voltage after slope correction by the addition of a suitable value of the difference in 
CTAT and PTAT currents 2. After slope correction, the reference voltage has a zero 
temperature slope, so as to produce a constant reference voltage 3 over the temperature range. 
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The adjustment of a negative temperature slope is the converse of a positive slope 
adjustment. Figure 5 shows a representation for an adjustment of a negative temperature 
slope. In this case, the slope can also be alleviated by adding or subtracting a suitable value 
of the PTAT and CTAT current difference across resistor 202, so as to provide a constant 
5 voltage reference over a temperature range. Figure 5 shows the process of adjusting a 
negative temperature slope, with line 1 showing the reference voltage variation before the 
slope correction and with line 3 the reference voltage after slope correction by the addition of 
a suitable value of the difference in PTAT and CTAT currents 2. As in the case of positive 
slope adjustment, after slope correction the reference voltage should have zero temperature 
10 coefficient. 

It will be appreciated that the performance of this second calibration step at the 
second temperature does not effect the value defined as a result of the first calibration. 
Similarly to the interface between the first calibration block 300 and the voltage reference, no 
change is effected to the base emitter voltage of the transistor 203. 

1 5 It will be understood that all three blocks described above with reference to Figure 6 

can be provided using CMOS techniques and that it is not necessary to provide the voltage 
reference block using BJT circuits. The transistor of the voltage reference block may be 
provided as a parasitic transistor. Such implementation in CMOS is advantageous in that it is 
cheaper to achieve. However this technique can also be applied to trim reference voltages 

20 implemented on a bipolar process. 

Figure 7 shows a modification to both control blocks and also the voltage reference 
block of Figure 6. In this embodiment, the voltage reference block 200 is implemented using 
an operational amplifier 206. 

In the embodiment of Figure 7, a first transistor 204 has its emitter connected to a 

25 current source 201 and is operating at a first current density. The first transistor is coupled 
via a common base to a second transistor 205 which is operating at second lower current 
density than the current density of transistor 204. The first transistor is also coupled to the 
non-inverting input of an amplifier 206. The inverting input of the amplifier is coupled via a 
first resistor 202 to the emitter of the second transistor 205. It is also coupled via a second 

30 resistor 207 to the output of the amplifier 206, at which the reference voltage Vref is 

monitored. As discussed above, the current through resistors 202 and 207 is a PTAT current 
and the output voltage is the base-emitter voltage of 204 (CTAT) plus the voltage drop over 
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207 (PTAT). When the PTAT and CTAT voltages are balanced, the voltage reference will 
have no temperature coefficient. 

In this embodiment of Figure 7 some of the components of first and second control 
blocks are also different from the previous embodiment of Figure 6. The first control block 
5 no longer provides a simultaneous push pull interface to the voltage reference. Rather, a 
single multiplexor 304 is provided that, depending on the application of the input sign 306, 
may push or pull current from the common node of the two resistors 202, 207. This can, in a 
similar fashion to that described with reference to Figure 6, effect a scaling of the voltage 
reference output to match a desired value. Once this scaling has been effected at a first 

10 temperature the first calibration step is complete, then the second control block can be used to 
adjust the slope in the second calibration step. 

As shown in Figure 7, the second control block differs in that only one multiplexor 
106 is provided, such that the control block can only push or pull current from the common 
node of the two current DACs, 104 and 105 depending on the sign 112 controlling the 

15 current. After, optionally, balancing the PTAT and CTAT current sources 102, 103, at a first 
temperature, the temperature is increased to a second calibration temperature and the input 
code to the DACs 104, 105 is altered via control 101 until the voltage measured at Vref 
matches the desired output value. Similarly to that described with reference to Figure 6, the 
control values may now be stored for operational purposes. 

20 Figure 8 shows a further application to the technique of the present invention, this 

time not restricted to voltage reference sources, but instead applied to compensate the offset 
of an amplifier. It is known that MOS amplifiers have a typical offset that drifts with 
temperature. The amplifier, which is the entire block 400, has been divided into first and 
second stages. The first stage of the amplifier is provided by four transistors 410, 41 1 , 412, 

25 413, and the second stage by the standard amplifier representation 408. Two inputs to the 
amplifier are provided by nodes 402, 403 and are coupled to the gates of a first and second 
transistor 410, 41 1 . The sources of each of these transistors are coupled to a common current 
source 401. The drain of the first transistor is coupled to a third transistor 412 (whose gate 
and drain are coupled to one another) whereas the drain for the second transistor is coupled to 

30 the drain of a fourth transistor 413. The output of the amplifier is provided at an output node 
409. 
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According to the present invention, the amplifier's offset can be compensated by the 
coupling of a first and second control block to the components of the amplifier. As shown in 
Figure 8, the control blocks 100, 300 may be provided in a configuration adapted to provide 
the simultaneous push-pull current circulation that was described with reference to Figure 6. 
5 The outputs of the multiplexors 304, 305 are coupled to common nodes of the second 41 1 
and fourth 413 transistors, and the common nodes of the first 410 and third 412 transistors 
respectively. Similarly, the outputs of the multiplexors 107, 106 of the second control block 
100 are also coupled to the same nodes respectively. The sign of the signal applied during 
the first and second calibration steps may be controlled by the sign controls 306, 108 
10 interfacing with the multiplexors. As was discussed above with reference to the voltage 

reference sources, the present invention provides for a compensation for the temperature drift 
output of the amplifier by effecting first and second sets of control bits for the DAC's at the 
first and second temperatures, and using these as control parameters during normal operation 
of the circuitry. 

1 5 Figure 9 shows a further embodiment of the present invention implemented in a 

digital environment, for the purpose of providing a voltage reference based on a pair of two 
balanced PTAT and CTAT trimming currents. A traditional voltage reference circuit, as was 
previously described with reference to Figure 1, is provided. The circuitry for such a 
reference includes a PTAT current source 501, coupled via a resistor 502 and a transistor 503 

20 to ground. The voltage reference is taken from node 504. It will be appreciated that, similar 
to that described with reference to Figures 1 and 6, the circuitry for this voltage reference can 
be provided in CMOS as well as bipolar implementations. In the circuitry of Figure 9, which 
is a modification to that of Figure 6, the control features shown as control blocks 300, 100 are 
combined. Nevertheless, the principle of operation is the same. 

25 A current source 505 forces a PTAT current into the input of a push-pull current DAC 

506. The current DAC 506 is controlled at the digital inputs by the input code 508 and sign 
509 so that its output current is circulated across resistor 502 to add or subtract an extra 
PTAT voltage across resistor 502. Similarly, a current source 510 forces a CTAT current to 
the input of a push-pull current DAC 511. The current DAC 5 1 1 is controlled at the digital 

30 inputs by the input code 513 and sign 514 so that its output current is circulated across 
resistor 502 to add or subtract a CTAT voltage across resistor 502. 
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The input codes, 508, 513 and the sign codes 509, 514 are stored into the two 
registers, 507 and 512. The registers 507 and 5 12 are connected to a digital control unit 516 
via a bus 517. The digital control unit 5 1 6 has also a memory 518. 

If the signs 509 and 514 are such that PTAT and CTAT trimming currents are added 
5 through the resistor 502, and the codes 508 and 513 represent fractions Nl and N2 
respectively, the reference voltage changes from its initial value, V in it 3 to: 

Vref = Knit + W PTAT * ^1 + ^ CTAT + ^l) r 5Q2 0) 

As previously discussed, the reference voltage needs to be trimmed or calibrated in 
10 such a way than when absolute voltage is corrected, the slope is not affected and conversely 
when the references slope is corrected, the absolute value is not affected. 

In order to check that at a first temperature, Tr, the PTAT and CTAT currents are 
balanced the following procedure can be performed. The signs 509 and 5 14 are set - one as 
logic "l'^and one as logic "0", and input codes 508 and 513 are set to a common maximum 
15 value Nmax. N2 should then be digitally scaled by a coefficient Nd until the reference 
voltage remains at V in i t as Eq.2 shows: 

Vref = Knit + (J PTAT * ^max ~~ ^ CTAT * ^max * ^d) r $02 ~ Knit (2) 

The coefficient Nd is then stored into the memory 518. At the same first temperature, 
20 the sign 5 14 is set to logic "1" and the reference voltage is scaled up or down by a 
corresponding input code Ni to the desired value, Vd es - 

Vref = Knit + U PTAT * N { — I CTAT * N, * Nj )/* 502 = V des (3) 

The register 507 can then be loaded with the code Nl and the register 512 is loaded 
25 with the code Nl *Nd. 

At the second temperature, if the reference voltage changes, the register 507 is 
changed from Nl to N1+N3 and the register 512 is changed from Nl*Nd to (Nl-N3)*Nd 
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until the reference voltage remains at the desired value Vdes. Accordingly, the reference 
voltage is: 

K = V- + ihrAT * Ni + Ictat *N t *N d+ / w * N 3 - 1 ctat * ^ 3 * N > 502 = V des (4) 

5 It can be seen from Eq.4, that at the first temperature the last two terms in the brackets 

cancel each other and the reference voltage remains at the desired value, Vdes as required. 

One advantage of the embodiment according to figure 9 is that only two current 
sources and adjustment DACs are required. This results in a circuit of a smaller size and 
lower power. Another advantage is the fact that the balancing of the PTAT and CTAT 

10 currents is done digitally, and therefore provides a more robust implementation. 

It will be understood that the hereinbefore description has been based on the 
assumption that temperature drift is a linear effect. In reality, such effects normally include a 
bow effect or quadratic feature. It will be appreciated that such effects can be compensated 
or linearised by suitable techniques such as that described in, co-pending and co-assigned, 

15 U.S. application Serial Number 10/375,359 filed on 27 February 2003 and U.S. application 
serial No. 10/330,315 as filed 27 December 2002. 

The present invention provides a technique that compensates for the effect of 
temperature drift in operation of semiconductor circuits based on an assumption that the 
response is linear and that knowledge of two points on a line can define that response. The 

20 invention provides a first set of values that trim the operation of the circuitry to a pre- 
determined value, typically a value equal to the desired value for room temperature operation. 
At a second temperature, which is physically applied to the circuitry, a second value can be 
determined. The second value effects a rotation of the linearly defined output response to a 
value equal to that for the room temperature value. The two control values are then 

25 interfaced with the circuitry during normal operation to compensate for any effect of 

temperature drift. The invention has the useful property that the adjustment of the absolute 
value and the adjustment of the temperature coefficient are independent. 

As the control values are externally applied, it will be understood that the 
compensation effect can be determined post-packaging, and as such the effect of any stress 

30 introduced during the packaging can be incorporated into the determined values. The 

invention is also advantageous in that the technique can be applied or re-applied at a later 
time so as to re-calibrate the operation and therefore compensate for any degradation due to 
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time. Furthermore, the present invention enables the provision of an accurate reference 
circuit that can be implemented wholly in CMOS technology, obviating the need for 
incorporating BJT type devices. 

Although the present invention has been described with reference to preferred 
5 embodiments it will be appreciated that it is not intended to limit the present invention except 
as may be deemed necessary in the light of the appended claims. It is further appreciated that 
certain features of the invention, which are, for clarity, described in the context of separate 
embodiments, may also be provided in combination in a single embodiment. Conversely, 
various features of the invention which are, for brevity, described in the context of a single 

1 0 embodiment, may also be provided separately or in any suitable sub-combination. 

The embodiments in the invention described with reference to the drawings comprise 
a computer apparatus and/or processes performed in a computer apparatus. However, the 
invention also extends to computer programs, particularly computer programs stored on or in 
a carrier adapted to bring the invention into practice. The program may be in the form of 

15 source code, object code, or a code intermediate source and object code, such as in partially 
compiled form or in any other form suitable for use in the implementation of the method 
according to the invention. The carrier may comprise a storage medium such as ROM, e.g., 
CD ROM, or magnetic recording medium, e.g., a floppy disk or hard disk. The carrier may 
be an electrical or optical signal which may be transmitted via an electrical or an optical cable 

20 or by radio or other means. 

The invention is not limited to the embodiments hereinbefore described but may be 
varied in both construction and detail. 

The words "comprises/comprising" and the words "having/including" when used 
herein with reference to the present invention are used to specify the presence of stated 

25 features, integers, steps or components but does not preclude the presence or addition of one 
or more other features, integers, steps, components or groups thereof. 



